Protein yields in the baculovirus expression system do not always correlate with the presence of abundant amounts of corresponding mRNAs. Therefore, a novel aspect of the baculovirus expression system was studied : initiation of translation of very late mRNAs of Autographa californica multicapsid nucleopolyhedrovirus. The untranslated regions (UTRs) of the p10 mRNA of this baculovirus were studied by in vitro translation and after transfection into Spodoptera frugiperda insect cells. Lysates from insect cells were optimized for translation of in vitro transcripts containing p10 sequences. The lysates were used to measure the effects of various deletions in either the 5h or 3hUTR on protein synthesis. Transcripts containing the p10 5hUTR were translated efficiently. Large deletions in the 5hUTR severely decreased this efficiency. Deletions
Introduction
The baculovirus expression system exploits the ability of baculoviruses to produce very large quantities of two viral proteins late in infection of insect cells (Luckow & Summers, 1988 ; Miller, 1988 ; Vlak & Keus, 1990) . These two proteins, polyhedrin and p10, are not essential for virus replication in cultured insect cells and their promoters are able to drive the expression of foreign genes. This allows expression of proteins in a higher eukaryotic system. The insect cell is capable of modifying the recombinant proteins by, for example, glycosylation, amidation, phosphorylation and myristoylation (Vlak & Keus, 1990) , thereby giving this system an advantage in the production of biologically active proteins over the expression of proteins in bacteria and yeast.
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Fax j31 30 2513655. e-mail g.scheper!biol.ruu.nl in the 3hUTR negatively affected expression of the reporter gene in vivo ; however, no effect on translational efficiency in the insect-cell lysates was measured. The translational properties of the p10 transcripts were very similar in lysates made from either uninfected or baculovirus-infected insect cells. Determination of optimal salt conditions for either uncapped or capped transcripts showed that the p10 5hUTR was used very efficiently for translation initiation in vitro, even in the absence of a cap-structure at its 5h end. Addition of cap-analogue to the in vitro translation assays did not inhibit p10 5hUTR-driven translation, while translation of a capdependent mRNA was severely inhibited. These data suggest that the very late mRNAs of baculovirus are translated in a cap-independent manner.
Recombinant baculoviruses can be made by transfection of cells with the baculovirus DNA together with a plasmid containing baculovirus sequences in which either the polyhedrin or the p10 coding region has been replaced by the coding sequence of the desired protein. Homologous recombination will give rise to recombinant viruses (Miller, 1988) . The polyhedrin locus has received most attention, but the p10 locus can also be used to express proteins in insect cells. The polyhedrin and p10 promoters can be used to produce multiple proteins via a single recombinant. The use of linearized viral DNA and the introduction of reporter genes have facilitated the selection of recombinant viruses enormously (King & Possee, 1992) .
The high production of the very late proteins seems to be mainly regulated through transcription (Miller, 1988) . Very late in infection of cells infected with baculovirus, the mRNAs of these genes are produced efficiently by a virus-induced polymerase (Fuchs et al., 1983 ; Passarelli et al., 1994) . Therefore, infection of insect cells with recombinant viruses leads to high yields of mRNA coding for the protein of interest. Transcription of the late and very late mRNAs starts within a TAAG motif, which is present in all baculovirus late and very late genes (Blissard & Rohrmann, 1990) and which is located around position k70 for the p10 gene of Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) (the A of the initiation codon AUG is j1). Mutations in the polyhedrin 5h untranslated region (UTR) sequence resulted in a reduced rate of transcription and, as a consequence, in reduced expression of a foreign gene (Ooi et al., 1989 ; Weyer & Possee, 1988) . Extensive analysis of RNA levels and chloramphenicol acetyltransferase (CAT) expression showed a correlation between them, implying that sequences within the 5hUTR are important for efficient transcription and therefore affect protein yields in the baculovirus expression system (Ooi et al., 1989) . However, even when abundant amounts of mRNA are produced, an equivalent high expression of the corresponding protein is not always obtained. Apparently, post-transcriptional processes can negatively affect the synthesis of a protein that is expressed in the baculovirus expression system. We have recently started a new approach to elucidate this discrepancy between transcript levels and expression by investigation of the mechanism of translation in (baculovirus-infected) insect cells. The main focus is on the properties of the 5h and 3hUTRs surrounding the p10 open reading frame (ORF).
The 5h and 3hUTRs have important roles in determining the translation efficiencies of mRNAs. A relatively short, A-T rich and therefore rather unstructured 5hUTR is regarded as the most efficient (Kozak, 1991) . The baculovirus late mRNAs meet these criteria. For example, the p10 5hUTR of AcMNPV is approximately 70 nucleotides long and contains only 10 C and G residues (Kuzio et al., 1984) . Therefore, the late baculovirus messengers are very likely efficiently translated. However, no experimental evidence for this assumed high translational efficiency has yet been shown.
Although a direct role of the 3hUTR in translation initiation has been less extensively studied than the role of the 5hUTR, the 3hUTR can positively influence protein synthesis. Some examples of viral mRNAs in which the 3hUTR has a positive effect on translation initiation are alfalfa mosaic virus RNA 4 (Ryabova et al., 1993) , satellite tobacco necrosis virus RNA (Danthinne et al., 1993) and tobacco mosaic virus RNA (Zeyenko et al., 1994) . Furthermore, besides stabilizing the messenger, a poly(A) tail at the end of the 3hUTR can affect translation initiation directly (Gallie & Tanguay, 1994 ; Jackson & Standart, 1990) . During the expression of cDNAs by baculovirus vectors, the 3hUTR of the foreign gene is often employed instead of the polyhedrin or p10 3hUTR.
In this report we show results that indicate that the late viral messengers of AcMNPV are very efficiently translated in vitro in lysates of Spodoptera frugiperda (Sf21) cells. Our results indicate that the probable single-stranded nature of the late baculovirus 5hUTR confers the ability to be translated in a capindependent manner in vitro. Finally, we provide evidence that changes in the 3hUTR sequence affect expression in vivo.
Methods
Plasmids. Plasmid pAcJJ1 (Fig. 1 a) was used as original source for the constructs used for transfection studies. This plasmid is identical to pAcJJ2 (Van Oers et al., 1992) except for the absence of an initiation codon for protein synthesis. pAcJJ1 does not contain any of the known origins of baculovirus replication (Kool et al., 1993 (Kool et al., , 1994 . pAcJJ1 contains fragment EcoRI-P of AcMNPV, including the p10 promoter, the p10 UTRs and upstream and downstream baculovirus sequences, but lacks the p10 ORF. With a primer with the sequence 5h TTAGGAT-GCCATGGTTGTAAATAAAATG 3h and the ' M13 reverse primer ' an NcoI site (in bold print) was introduced around the initiation codon. The PCR fragment was digested with EcoRI and NcoI and ligated into pTZEMCCAT (Scheper et al., 1992) cut with the same enzymes. The 3h end of the CAT coding sequence in the resulting plasmid ( Fig. 1 b) was replaced by the complete CAT coding sequence in which an EcoRI and an NcoI site had been removed by silent mutations (a gift from Rene! Rijnbrand, Leiden University, The Netherlands). With a primer that hybridizes internally in the CAT region (not shown in Fig. 1 ) and a primer with the sequence 5h AAATTAGGATCCGCCTGGCCAC 3h, a BamHI site was created immediately upstream of the stop codon (the stop codon is underlined and the BamHI site shown in bold print). The plasmid obtained contains the sequences for the p10 promoter, the p10 5hUTR and the CAT coding region (Fig. 1 c) . A XhoI-BamHI fragment was cloned into pAcJJ1, which resulted in a construct that also contains the sequence for the 3hUTR (Fig. 1 d) . This plasmid was digested with NdeI and EagI and the fragment containing the CAT sequence was ligated into pGEM-3 to get rid of the EcoRI sites (Fig. 1 e) . A unique EcoRI site was introduced by PCR at the beginning of the p10 5hUTR resulting in plasmid pAcCAT (Fig. 1 f) . With a primer containing the EcoRI site (in bold print) 5h GTTAAATAAGAATTCTTATCAAATC, in combination with the ' BamHI-primer ' as used before, a PCR fragment was made that was subsequently used as primer in a second PCR in combination with the ' M13 reverse primer '. An EcoRI-SphI fragment containing the sequences for the 5hUTR, CAT and the 3hUTR was placed behind the T7 promoter in plasmid pTZ18R leading to pT7AcCAT (Fig. 1 g) .
Deletions in the 5hUTR (Fig. 1 h) were made by Bal31 exonuclease digestion of NcoI-linearized pAcCAT. After exonuclease treatment, the ends were treated with Klenow polymerase and the remaining CAT fragment was replaced by the complete CAT sequence as an NcoI (Klenow polymerase-treated)-BamHI fragment from pAcCAT. Deletions in the 3hUTR (Fig. 1 i) were made by Bal31 exonuclease treatment of BclIlinearized pAcCAT, followed by Klenow polymerase treatment and ligation. EcoRI-EagI fragments of the deletion mutant plasmids were transferred to pT7AcCAT, resulting in constructs with the same deletions behind the T7 RNA polymerase promoter. The constructs were checked by sequencing. DNA modifications, ligation, transformation of E. coli DH5α and DNA purification were carried out as described by Sambrook et al. (1989) . Enzymes were obtained from Boehringer, New England Biolabs, Gibco BRL and Pharmacia.
The plasmid used for the synthesis of in vitro transcribed RNA containing the Xenopus β-globin 5hUTR linked to the CAT sequence has been described previously (Teerink et al., 1994) .
Cell culture and CAT assays. Insect cells (Spodoptera frugiperda IPLB-Sf21 ; Vaughn et al., 1977) were grown in Grace's supplemented insect medium (Gibco BRL). For CAT assays cells were grown in six-well Translation of baculovirus p10 mRNA Translation of baculovirus p10 mRNA plates to a density of approximately 1n5i10' cells per well (8 cm#). The cells were transfected by slowly adding 1 ml of a mixture of 2 µg plasmid DNA, 25 mM HEPES-KOH pH 7n1, 125 mM CaCl # , 140 mM NaCl to 1 ml of medium in the dishes. After 4 h the transfection medium was removed and replaced by fresh medium and the cells were infected with AcMNPV (strain E2) (Smith & Summers, 1978) at an m.o.i. of 10 TCID &! units per cell. Cells were harvested 60 h post-infection (p.i.) when all cells were infected as seen by the appearance of polyhedra. Cells were lysed by freeze-thawing in 250 mM Tris-HCl pH 7n5 and CAT assays were performed as described by Gorman et al. (1982) .
In vitro translation. An insect-cell lysate was made from 100 ml of exponentially growing Sf21 cells. Cells for the preparation of lysates G. C. Scheper and others G. C. Scheper and others from infected cells were harvested 48 h p.i. The cells (approximately 8i10& per ml) were mixed with 50 ml ice-cold buffer A (10 mM HEPES-KOH pH 7n6, 100 mM KCl, 1 mM magnesium acetate) and pelleted at 3000 r.p.m. at 4 mC for 5 min in a GSA Sorvall rotor. The cell pellet was washed once with 25 ml ice-cold buffer A. The cells in buffer A were transferred to a 50 ml tube and pelleted for 5 min at 1500 r.p.m. at 4 mC in a swing-out rotor in a MSE centrifuge. The pellet was resuspended in an equal volume (approximately 500 µl) of a hypotonic buffer containing 10 mM HEPES-KOH pH 7n6, 5 mM DTT and the cells were allowed to swell for 10 min. Cells were lysed with 15 strokes in a small Dounce homogenizer. To the lysed cells 1\10 volume of a buffer containing 100 mM HEPES-KOH pH 7n6, 0n5 M KCl, 10 mM magnesium acetate, 50 mM DTT was added, followed by pelleting of the cell debris for 30 min at 30 000 g at 4 mC in a SS34 Sorvall rotor. The supernatant (approximately 750 µl) was transferred to a new Eppendorf tube.
To increase the specific activity of the [$&S]methionine in the in vitro translation assay mixtures the lysate was subjected to Sephadex G50 (superfine) column chromatography. After saturation of the column (bedvolume 5 ml) with 300 µl rabbit reticulocyte lysate to prevent irreversible binding of lysate proteins, the column was rinsed with 10 ml buffer B (10 mM HEPES-KOH pH 7n5, 25 mM KCl, 1 mM magnesium acetate, 10 mM NaCl, 0n1 mM EDTA, 1 mM DTT). The lysate was filtered using buffer B as elution buffer. Fractions of 250 µl were collected and tested for their RNA and protein concentration by measuring absorbance at 280 nm. The three fractions with the highest RNA\protein concentration were pooled and used for the translation assays. The 5 µl translation assay mixtures contained 20 mM HEPES, 2 mM DTT, 0n63 mM ATP, 0n25 mM GTP and 3 U creatine kinase per ml, plus 3 mM creatine phosphate and 2 µl uninfected lysate or 2n5 µl infected lysate. The assays were further supplemented with 100 or 120 mM potassium acetate (see also Fig. 4 ), 0n8 mM magnesium acetate in the case of uninfected lysate and 1n0 mM magnesium acetate in the case of infected lysate, 50 µM of each amino acid with the exception of methionine, 50 ng rat liver tRNA, 1 µCi [$&S]methionine (1000 Ci\mmol) and in vitro transcribed mRNA as indicated in the figure legends. -Amino acids were obtained from J. T. Baker, Merck, Sigma and Fluka. Assays were carried out at 27 mC for 1n5 h.
Transcripts were made with the T7 Message Machine kit (Ambion) for capped AcCAT transcripts or the T7 Megascript kit (Ambion) for uncapped AcCAT transcripts. Capped βglobCAT mRNA was made with an SP6 Megascript kit (Ambion) with a nucleotide mixture in which the m(GpppG to GTP ratio was 10 : 1. Yield and integrity of the transcripts were determined by agarose gel electrophoresis.
Translation assays were analysed by SDS-PAGE (12n5 % acrylamide\ 0n33 % bisacrylamide) and fluorography. For fluorography the gels were soaked for 15 min in sodium salicylate after fixation and subsequently dried. Quantification of CAT synthesis was carried out on a phosphoimager (Molecular Dynamics).
Results
Two plasmids, pAcCAT and pT7AcCAT (Fig. 1) , containing the sequences for the p10 5hUTR, the CAT reporter and the p10 3hUTR, were constructed in such a way that the 5h and 3hUTR sequences were as close to the wild-type sequence as possible. The construct pAcCAT contains the CAT reporter gene and surrounding p10 sequences placed behind the p10 promoter. This construct or its deletion derivatives can be used in transfection assays. These sequences were also placed behind the T7 RNA polymerase promoter in order to make transcripts in vitro. The newly introduced sites facilitated the exchange of fragments obtained after Bal31 exonuclease treatment of the plasmids, as described in Methods (see also Fig. 1) .
The effect of the deletions on CAT expression was tested by transfection of the plasmids containing the p10 promoter into insect cells, followed by infection of the cells with wildtype AcMNPV. Synthesis of the virus-induced RNA polymerase will lead to synthesis of CAT messengers from the transfected plasmids. Infection of the cells could be monitored by the occurrence of polyhedra in the cells. At 60 h p.i. the cells were harvested and CAT assays were performed (Fig. 2) . CAT expression was measured in the transfected cells that were infected with AcMNPV, as seen by the acetylation of ["%C] chloramphenicol (Fig. 2 a, b, lane 3) . CAT activity could not be detected in uninfected cells nor in cells that were not transfected (Fig. 2, lanes 1 and 2) . A small deletion of 5 nucleotides in the 5hUTR reduced CAT expression by approximately 10 % (Fig. 2 a, lane 4) . Larger deletions resulted in an almost complete loss of CAT activity (less than 5 % of wild-type levels) (Fig. 2 a, lanes 5 and 6) . The observed changes in expression of CAT with these mutants were probably not due to changes in secondary structures in the 5hUTR. The p10 5hUTR, being very AT-rich, lacks the potential to form stable stem-loop structures. A computer-aided folding of the y5hUTR showed a Gibbs free energy of only k6 kcal\mol (k25 kJ\mol).
The importance of the 3hUTR in the expression of CAT was also investigated (Fig. 2 b, lanes 4-8) . Deletion of parts of the 3hUTR resulted in a loss of CAT activity from 50 % (lane 8) to 90 % (lane 5). These deletions in the 3hUTR could have various effects on the messenger. A direct positive influence of the wild-type 3hUTR on translation initiation could explain the loss of CAT activity, but changes in polyadenylation or stability of the messenger could also account for this reduced CAT expression.
To test the influence of the various deletions on translation initiation we developed an in vitro translation system from Sf21 cells. The preparation of the insect-cell lysate was mainly based on a method described for Drosophila embryos (Maroto & Sierra, 1988) . After Sephadex G-50 chromatography, the fractions with the highest RNA\protein concentrations were pooled and tested for their translational capacities. Besides potassium acetate (see also Fig. 4) various components, such as magnesium acetate, amino acids, tRNA and energy regenerating mixture (containing creatine kinase, creatine phosphate, ATP and GTP), were titrated to obtain optimal translation (not shown). The optimal temperature for the assays was 27 mC (not shown), the same temperature at which the S. frugiperda cells are grown in culture. The addition of an eIF2α kinase inhibitor, 2-aminopurine (Proud, 1992) , had no effect on the incorporation of [$&S]methionine (not shown). Apparently, eIF2α kinases were not active in the in vitro translation assays. Fig. 3 . In vitro translation of pT7AcCAT and deletion mutants. Translation assays were performed and analysed as described in Methods. Uncapped (upper panel) and capped (lower panel) in vitro synthesized transcripts were translated in uninfected Sf21 cell lysates. After titration of the transcripts, the sample with the highest incorporation of [
35 S]methionine, as determined by hot-TCA precipitation, was analysed on a polyacrylamide gel. The titration was carried out to exclude the possibility that differences in translational efficiencies were due to differences in the amount of RNA optimal for protein synthesis (see also Fig. 5 ). The amount of RNA added was nonetheless similar for all RNAs (100 ng per assay). The part of the fluorogram with the CAT band is shown.
The in vitro translation system derived from Sf21 cells was used to study the effects of the deletions in the 5hUTR and 3hUTR on protein synthesis (Fig. 3) . Remarkably, the effects of deletions in the 5hUTR as found in the transfection assays (Fig.  2) could be reproduced in the in vitro assay in Fig. 3 . The smallest deletion in the 5hUTR, in construct ∆64-69 (lane 3), showed no effect on translation efficiency compared to translation of AcCAT containing the complete p10 5hUTR (lane 2). The large-deletion mutants showed a marked decrease in translational efficiency (lanes 4 and 5) ; hardly any CAT synthesis could be detected. Unlike the situation in the transfection assays, deletions in the 3hUTR did not affect, or affected only very slightly, translation initiation in these in vitro translation assays (lanes 6-9). Whereas the 3hUTR sequence was important in transfection studies, in vitro translation was independent of the 3hUTR sequence. The effects of the deletions on translation was also tested in lysate prepared from baculovirus-infected cells ; very similar results to those in Fig. 3 were found (not shown).
Translation of 30 ng of either uncapped or capped AcCAT in vitro transcripts resulted in similar levels of [$&S]methionine incorporation. Apparently, uncapped AcCAT mRNA was as efficiently translated as capped AcCAT. Similar results from in vitro translation assays indicated cap-independent translation on, for example, poliovirus RNA (Pelletier et al., 1988) and alfalfa mosaic virus RNA4 (Altmann et al., 1990) . The majority of eukaryotic mRNAs depend on a cap-structure for efficient translation ; in the case of AcCAT a cap-structure at the 5h end is apparently not a prerequisite for translation initiation. The translational efficiency conferred by the p10 5hUTR and the dependence on a cap-structure at the 5h end of the p10 5hUTR was studied in more detail.
Uncapped messengers are normally translated more efficiently at lower salt concentrations because the RNA becomes less structured under these conditions. Lowering the degree of secondary structure in the 5hUTR reduces the need for unwinding of these structures and therefore for unwinding factors. At higher salt concentrations a cap-structure is needed to ' attract ' the cap-binding complex, which has RNA unwinding activity (Rozen et al., 1990) . Therefore, we determined the optimal potassium concentration for translation of uncapped and capped AcCAT transcripts. A schematic representation of such an experiment is shown in Fig. 4 . In lysates from uninfected or AcMNPV-infected cells, the optimal potassium concentration was very similar to the optimal conditions of 100-120 mM potassium acetate for in vitro translation in rabbit reticulocyte lysates. In infected-cell lysates a somewhat higher potassium concentration (120 mM) was needed for optimal translation compared to the uninfected-cell lysate (100 mM). Translation efficiency of the lysate from AcMNPV-infected cells was approximately eightfold lower than the efficiency in uninfected-cell lysates. This difference is probably due to the impaired growth conditions of the cells caused by the baculovirus infection. Surprisingly, the optimal potassium concentration for either uncapped or capped AcCAT mRNA was the same, which suggests that the capstructure hardly influences the initiation of protein synthesis on the p10 messenger.
The dependence on the cap-structure during in vitro translation was further tested by titrating the amount of RNA in the translation assays in order to see whether capped AcCAT could obtain a higher efficiency of protein synthesis, compared to the uncapped variant (Fig. 5) .
Capped and uncapped transcripts were translated with approximately the same efficiency in both insect-cell lysates (Fig. 5 ) or in rabbit-reticulocyte lysates (not shown). In comparison, translation of a cap-dependent mRNA containing the β-globin 5hUTR was stimulated approximately fourfold upon capping (Teerink et al., 1995) . Both types of transcripts showed an optimum of 100 ng transcript per assay (lanes 4, 8, 13 and 16). Addition of more than 100 ng of transcript to the assays performed with infected-cell lysate did not result in higher levels of CAT synthesis (not shown). Even though small fluctuations between different experiments were observed in either TCA-precipitable counts or after quantification of autoradiograms, in general uncapped AcCAT was somewhat less efficiently translated compared to capped AcCAT in lysates from uninfected cells, while in infected-cell lysates translation of the uncapped form seemed to be slightly more efficient compared to its capped counterpart. Nevertheless, the differences between translation of uncapped and capped transcripts were small.
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Translation of baculovirus p10 mRNA Translation of baculovirus p10 mRNA Fig. 5 . Titration of uncapped and capped AcCAT RNA in Sf21 cell lysates. Translation assays were carried out as described in Methods with increasing amounts of RNA as indicated. The samples were analysed by SDS-PAGE and fluorography. Uncapped AcCAT RNA was added to the assays in lanes 2-5 and 11-13 ; capped AcCAT RNA was added in lanes 6-9 and 14-16. In lanes 1 and 10 no RNA was added. The left panel shows translation in uninfected lysates ; the right panel translation in infected lysates. Values for CAT synthesis were derived from [
35 S]methionine incorporation as determined by hot-TCA precipitation. The highest incorporation (100 ng of uncapped transcript in the uninfected-cell lysate) was set at 100 %. This corresponds to 49 980 c.p.m./µl assay mixture. All values were corrected for background levels of protein synthesis : 2 540 c.p.m./µl for the uninfected-cell lysate and 870 c.p.m./µl for the infected-cell lysate. The fluorograms in both panels were exposed to the dried gel for 18 h. The position of CAT is indicated on the right side. GpppG was added to the assays at concentrations of 0, 50, 100, 150 and 200 µM, as indicated below the figure. Uncapped AcCAT RNA was added in lanes 1-5, capped AcCAT in lanes 6-10 and capped βglobCAT in lanes 11-15. The upper panel shows translation of these messengers in uninfected-cell lysates, the lower panel translation in lysates from infected cells. The film used for the lower panel was exposed twelve times longer than the film in the upper panel. The position of CAT is indicated on the right side.
In Fig. 6 the ability of AcCAT mRNA to be translated capindependently was shown by the lack of inhibition caused by cap-analogues in the in vitro translation system. Addition of m(GpppG to translation assays will reduce the concentration of the active cap-binding complex, eIF4F, which is needed for efficient translation of cap-dependent messengers. This is indeed observed for the translation of capped βglobCAT RNA (Fig. 6, lanes 11-15) , as its translation is severely inhibited by 80-90 % in the presence of cap-analogue. However, translation of both uncapped (lanes 1-5) and capped (lanes 6-10) AcCAT transcripts was hardly affected by the addition of cap-analogue up to a concentration of 200 µM. The 3hUTR did not seem to play a major role in the insensitivity to cap-analogue addition of the AcCAT messengers ; translation of transcripts with deletions in the 3hUTR was also not inhibited by the addition of m(GpppG (not shown).
Discussion
We have used T7 RNA polymerase-derived transcripts containing a reporter gene and the 5h and 3hUTRs of the baculovirus AcMNPV p10 gene to study in vitro translation in lysates from insect cells. The constructs used for these experiments were designed in such a way that the UTRs of the GJD G. C. Scheper and others G. C. Scheper and others in vitro transcripts closely resembled the UTRs of the natural baculovirus p10 messenger with the sole exception of two nucleotides that were changed to introduce unique restriction sites. Transcription of the p10 mRNA starts within the TAAG motif leading to transcripts starting with (A)AGAAUU, whereas the T7 RNA polymerase-derived transcripts start with GGGAAUU. For the introduction of the EcoRI site, an A to C change just downstream of the transcription start site was needed. The A at this position in the transcript does not seem to be conserved (Zanotto et al., 1992) . We have tested the effect of this A to C change by transfection of cells with plasmids containing either the A or the C nucleotide in the p10 5hUTR, and found similar levels of CAT expression (not shown). The U to C change just upstream of the initiation codon that resulted from the introduction of an NcoI site has probably no effect on translation initiation because the nucleotide just upstream of the initiation codon is not a major determinant of the so-called Kozak consensus sequence for efficient initiation (Kozak, 1991) .
The importance of the p10 5hUTR for efficient expression in insect cells has been shown before (Weyer & Possee, 1988) . Progressive deletions from the 3h end of the 5hUTR toward the 5h end showed that the integrity of the 5hUTR is a prerequisite for efficient CAT synthesis, very similar to our results in Fig. 2 . The question of whether transcriptional or post-transcriptional processes were influenced by the deletions was not addressed. We cannot exclude the possibility that the deletions in our mutants also affected RNA levels. However, the reduced in vitro translation initiation efficiency caused by the deletions in the 5hUTR (Fig. 3 ) correlated well with reduced CAT expression after transfection and infection (Fig. 2 a) . Therefore, the decreased expression of the 5h truncated RNAs might be caused by inefficient initiation of protein synthesis.
The reduced CAT synthesis in vivo as a result of deletions in the 3hUTR (Fig. 2 b) could be caused by reduced initiation of protein synthesis but also, for example, by reduced stability of the RNA or changes in polyadenylation. In vitro translation of these transcripts was not dependent on the intact 3hUTR. Nonetheless, the reduced expression of the reporter gene indeed shows that changes in the 3hUTR can drastically reduce the production of the protein of interest. Therefore, in cloning of genes into p10 transfer plasmids for engineering recombinants into baculovirus the p10 3hUTR should be kept intact. The same probably holds true for the polyhedrin 3hUTR. In the region downstream of the p10 coding region two possible polyadenylation signals (AAUAAA) are present (Kuzio et al., 1984) . In the two 3hUTR deletion mutants with the lowest CAT expression, ∆78-254 and ∆74-663 (Fig. 2 b) , the downstream AAUAAA has been removed. The low CAT synthesis of the 3hUTR mutants might be caused by defects in poly adenylation of the messengers. The absence of a poly(A) tail could have effects on mRNA stability but also on translation initiation (Munroe & Jacobsen, 1990) .
The cap independence for translation as found for the p10 5hUTR ( Fig. 6 ) might be needed for efficient translation of the p10 and polyhedrin mRNAs late in infection. Reduced growth of cells after infection might cause conditions in which normal cap-dependent translation is reduced. One of the means by which cap-dependent translation is reduced is by inactivation of the cap-binding complex eIF4F (Etchison et al., 1984 ; Huang & Schneider, 1991) . Various viral mRNAs have a reduced need for cap-binding proteins, mediated by characteristic elements in their 5hUTRs. Infection of cells with these viruses often leads to dephosphorylation and inactivation of the smallest subunit of the cap-binding complex eIF4E (Feigenblum & Schneider, 1993 ; Kleijn et al., 1996 ; Zhang et al., 1994) . Similar events might happen in AcMNPV-infected cells. Unfortunately, antibodies against either human or mouse eIF4E did not recognize the insect homologue of eIF4E (not shown), so whether AcMNPV infection of cells leads to eIF4E dephosphorylation could not be tested. To escape the inhibitory effects of reduced cap-binding activities in the cell, the late baculovirus mRNAs might be translated cap-independently. The lysates prepared from either uninfected or baculovirusinfected cells showed very similar characteristics, such as optimal mRNA concentration and sensitivity to cap-analogue, when capped and uncapped AcCAT mRNAs were translated. The βglobCAT RNA was clearly less efficiently translated in the infected-cell lysate. Whether the small shift of the optimal salt concentrations from 100 mM to 120 mM potassium acetate and the reduced translation of a messenger such as βglobCAT reflect conditions in the infected cells under which the very late mRNAs are preferentially translated remains to be determined.
Initiation of protein synthesis and the translational efficiency of baculovirus mRNAs have been neglected aspects of study of the baculovirus expression system. Even though further research needs to be carried out to elucidate the mechanism of initiation of protein synthesis in detail, this manuscript gives a first insight into translation initiation in baculovirus-infected cells. An in vitro translation system from insect cells was developed to study the translational properties of the UTRs of the late baculovirus messengers. Several arguments point to the possibility that p10 mRNAs are functionally independent of the cap-structure : capped and uncapped mRNAs are equally active, the salt-optimum for in vitro translation for capped and uncapped p10 mRNAs is similar and translation of p10 mRNAs was not inhibited by cap-analogue. Even though baculovirus RNAs that are present 20 h p.i. have been shown to be capped (Qin & Weaver, 1982) , translation of these messengers might occur in cap-independent manner in vivo. For example, alfalfa mosaic virus RNA4 and the late adenoviral mRNAs are also capped but have a decreased dependency on the cap-structure and the capbinding proteins (Altmann et al., 1990 ; Gehrke et al., 1983 ; Huang & Schneider, 1991 ; Zhang et al., 1994) . Understanding the translation machinery of baculovirus-infected insect cells
